A new approach to metamaterials is presented that involves laser-based patterning of novel chiral polymer media, wherein chirality is realized at two distinct length scales, intrinsically at the molecular level and geometrically at a length scale on the order of the wavelength of the incident field. In this approach, femtosecond-pulsed laser-induced two-photon lithography (TPL) is used to pattern a photoresist-chiral polymer mixture into planar chiral shapes. Enhanced bulk chirality can be realized by tuning the wavelength-dependent chiral response at both the molecular and geometric level to ensure an overlap of their respective spectra. The approach is demonstrated via the fabrication of a metamaterial consisting of a two-dimensional array of chiral polymer-based L-structures. The fabrication process is described and modeling is performed to demonstrate the distinction between molecular and planar geometric-based chirality and the effects of the enhanced multiscale chirality on the optical response of such media. This new approach to metamaterials holds promise for the development of tunable, polymer-based optical metamaterials with low loss.
Introduction
Metamaterials are artificial electromagnetic materials with constituent elements that are subwavelength in size relative to the incident field and engineered to produce bulk electromagnetic properties not readily found in nature. The interest in these materials has grown steadily since the seminal theoretical work by Pendry [1] and subsequent experimental work by Shelby et al. [2] . Various interesting and exotic phenomena can be realized using metamaterials including the reverse Vavilov-Cherenkov effect [3] , negative refraction [1, 2] , sub-diffraction-limit imaging [1, [4] [5] [6] , the reverse Doppler effect, slow light [7] [8] [9] , and cloaking [10] [11] [12] . Applications of metamaterials span the electromagnetic (EM) spectrum with potential transformative impact in fields such as imaging (superlens) [1, 13] , data storage [14] , optical switching [15] , electromagnetic shielding, and stealth technology [16] [17] [18] .
To date, the majority of research on metamaterials has focused on developing negative index materials (NIMs) as first proposed by Veselago [3] . Initially, these were designed to have simultaneous negative values of permittivity, ε, and permeability, μ. To achieve this, many of the early NIMs operating at GHz and THz frequencies made use of an electromagnetic resonance involving subwavelength metallic structures such as split-ring resonators (SRR) [19] and pairs of cut wires (PCW) [20, 21] . However, it was found that this approach has drawbacks. The reliance on resonance leads to NIM behavior with limited bandwidth, and the use of metallic structures results in relatively high loss. As the field advanced, other metamaterial constructs such as fishnet structures [22, 23] emerged and were shown to be superior to SRR and PCW designs in terms of a lower loss and ease in achieving overlap between electric and magnetic resonances. Nevertheless, the desire for practical metamaterials with wide bandwidth and low loss persists. In addition to performance limitations, there are issues associated with the fabrication of metamaterials, especially for use at optical frequencies. To date, the majority of such materials for THz applications have been fabricated using "top-down" techniques such as electron-beam lithography (EBL) or focusedion beam (FIB) milling [23] . While these methods provide an adequate nanometer resolution for tailoring subwavelength constituent elements, they tend to be limited to the fabrication of 2D planar materials on rigid substrates at low throughput and with high cost. Currently, there is intense interest and effort towards the development of fabrication methods and materials that overcome the aforementioned limitations.
In this paper, we introduce a new laser-based chiral chemical approach to metamaterials that overcomes some of the limitations of more conventional approaches. Our approach involves the use of a pulsed laser to pattern novel chiral polymer materials that exhibit chirality at two distinct length scales, intrinsically at the molecular level and geometrically at a length scale on the order of the wavelength of the incident field. Specifically, we use femtosecondpulsed laser-induced two-photon initiated polymerization of a photoresist, which is premixed with a chiral polymer, to write patterned arrays of chiral polymer-based 2D planar chiral structures. Thus, this fabricated metamaterial exhibits chirality due to both its molecular structure and geometric shape. The idea is to obtain enhanced bulk chirality by tuning the wavelength-dependent chiral response at both the molecular and geometric level so as to ensure an overlap in their respective spectra.
Chiral metamaterials offer an alternate route to NIMs as compared to the more conventional metallic-structurebased resonance approach. The chirality of a material can be characterized in terms of a chirality parameter κ. If κ is sufficiently large, a bulk negative index can be realized within the material. Specifically, in a chiral material, negative refraction will occur at one of the eigen (circular) polarization states of the incident field if κ is larger than the square root of the product of real parts of permittivity and permeability, that is, when
where the refractive index is given by
and ε and μ are the relative values of the real parts of the permittivity and permeability, respectively. Thus, in the chiral approach to NIMs, a negative index can potentially be achieved with a wider bandwidth and lower loss as there is no need to introduce lossy resonant metallic constituents. Our strategy is to use a laser to fabricate materials with enhanced multiscale chirality (sufficiently large κ) in order to obtain polymer-based NIMs without resorting to top-down fabrication or resonant metallic structures as is common in conventional approaches to metamaterials. In the following, we report of the progress towards this end by describing the synthesis and demonstrating the fabrication of novel 2D planar media possessing multiscale chirality. We also present modeling results that demonstrate the effects of multiscale chirality on the optical response (optical rotation) of such media. 
Fabrication
The fabrication of our multiscale chiral media begins with the formation of a photoresist-chiral polymer mixture consisting of SU-8 2025 from Microchem and Chiral Poly(fluorene-alt-benzothiadiazole) (PFBT) in a mixture ratio of 35 : 1. The PFBT was synthesized using palladium-catalyzed Suzuki polycondensation as the final step and purified with a Soxhlet extraction. We introduced chirality in PFBT of the fluorene-based monomer modified with (S)-3,7-dimethyloctyl substituents at the 9 positions as shown in Figure 1 and described in [24] . The photoresist-chiral polymer mixture is stirred for 24 hours and then spin-coated at 1000 rpm on a glass substrate. After spin coating, the sample is baked for 30 min at 95
• C to evaporate the solvent before performing lithograph patterning. The circular dichroism (CD) (differential absorption of left and right circularly polarized light) and absorption spectra of both the pure PFBT polymer and SU-8/PFBT blend are shown in Figure 2 . Note that the SU-8/PFBT exhibits a 68-fold increase in optical activity at λ = 500 nm. Presently, the reason for the enhanced optical activity is not fully understood and is the subject of continued investigation by our group. The chirality parameters for the PFBT polymer and the SU-8/PFBT are on the order of κ ∼ 10 −5 and 2 × 10 −3 , respectively. In order to obtain multiscale chirality, we pattern the chiral SU-8/PFBT film into a planar array of L-structures using two-photon photolithography (TPL). We use a near-IR (800 nm) writing wavelength and a schematic of the writing set up is shown in Figure 3 (a). In this system, a piezo stage moves the sample relative to a fixed laser beam and a desired pattern is produced within the sample by controlling the motion of the stage while exposing the sample. Once the sample is patterned, it is developed with Propylene Glycol Methyl Ether Acetate for 3 hours, which removes the unexposed material leaving only the patterned media. We have recently reported the use of this method for writing novel subwavelength polymer-based planar plasmonic metamaterials, which were prepared using SU-8 with a high gold precursor (metallic salt) loading [25, 26] . Specifically, we used a femtosecond-pulsed laser to induce two-photon initiated in situ reduction of the metal salt and simultaneous polymerization of the SU8. Gold nanoparticles are formed during the writing process, which renders a plasmonic functionality in the written structures [26] . Figure 3(b) shows examples of different written structures, which demonstrate the versatility of the writing process. The present effort on patterning chiral SU-8/PFBT film is an extension of this prior work on plasmonic structures.
A 2D array of planar L-structures fabricated using this method is shown in Figure 4 . Note that while the L geometry is not chiral in a 3D sense, it is considered chiral in a 2D planar sense because it cannot be mapped onto its mirror image using a sequence of rotations or translations confined to the plane; that is, it needs to be lifted out of the plane and rotated to achieve this. Thus, based on geometric considerations alone, that is, ignoring the chirality of the SU-8/PFBT, the fabricated material is not chiral in 3D; for example, it would not rotate polarization of waves propagating in the plane of L-structures, rather it is bianisotropic. However, in addition to the planar geometric chirality, the L-structures possess intrinsic chirality due to the constituent SU-8/PFBT. Thus, the material shown in Figure 4 represents a 2D planar metamaterial with multiscale chirality. In principle, this process can be used to fabricate bulk enhanced 3D chiral metamaterials layer-by-layer, wherein a stacked sequence of carefully chosen 2D patterns combine to produce a 3D unit cell chiral geometry, an approach that we are currently pursuing.
Theory and Simulation
From a theoretical perspective, a periodic array of planar chiral L-structure elements, such as shown in Figure 4 , will exhibit circular birefringence in the visible and near-infrared regions of the spectrum when their linear dimensions are close to these wavelengths [27, 28] . In principle, the molecular chirality of the constituent polymer can be tuned to occur at these wavelengths as well, allowing for the development of materials with enhanced multiscale chirality as described above.
We use computational electrodynamics to model the electromagnetic response of chiral polymer-based chiral Lstructures as shown in Figure 4 . However, to facilitate the computational analysis, we use submicron geometric dimensions, that is, slightly smaller than those shown in Figure 4 . In order to take into account the overlap of 2D geometric chirality with molecular chirality [24, 29] we modify Maxwell's equations to include natural optical activity. This emerges when the spatial dispersion of a medium is considered along with the time dispersion in the linear relation between the applied electric field and the medium's displacement vector [30] . In case of relatively weak spatial dispersion, the dielectric permittivity tensor, ε i j (ω, k), can be expanded in a series over powers of the wave vector. The coefficient of the first-order term can be related to the macroscopic chirality parameter of the medium after some algebraic operations. The 0th-order term represents the usual local dielectric permittivity tensor. In the case of an isotropic medium, consisting of a randomly oriented collection of chiral molecules, both the 0th-and 1st-order coefficients become averaged.
To compute the rotation of polarization of an incident field we employed the Finite-Element-(FE) based COMSOL multiphysics RF solver using a time-harmonic approximation (http://www.comcol.com/). The computational domain for the L-Structure is shown in Figure 5 . In this model, the polymeric L-structure resides on a glass substrate with a refractive index of 1.6. The base of the unit cell is 1050 nm by 750 nm, and its height is 2 microns. The dimensions of the L-shape are as follows: 750 nm in length, 450 nm at the base, the width of both branches is 150 nm, and the thickness is 500 nm. Note that while these dimensions are slightly smaller than the fabricated structures shown in Figure 4 , the analysis presented here is scalable as long as the molecular chirality can be tuned to overlap the structural chirality. The isotropic refractive index of the modeled L-structure is 1.4. Scattering (low reflection) boundary conditions with Perfectly Matching Layers (PML) are applied at the top and bottom of the solution space as described in [31, 32] . Double periodic boundaries are imposed on the side boundaries to account for the fact that this structure is one element of a 2D array, that is, the periodic conditions account for the presence of the other elements, even though they do not appear in the model. The incident (input) field is generated by a time-harmonic surface current source positioned in the x-y plane [31, 32] . The magnitude of the surface current is chosen to provide an x-polarized plane wave with a field magnitude of E x = 2 × 10 6 V/m [31] [32] [33] . The intrinsic chirality of the L-structure is introduced via the bulk chirality parameter, κ, which is related to macroscopic optical rotation of the medium. Here, we are not concerned with the microscopic origin of chirality [29] . Instead, we model the frequency dispersion of chirality parameter with a damped Lorentzian centered at a certain resonant wavelength. Specifically, the permittivity tensor for our analysis is of the following diagonal form:
where
and n is homogeneous refractive index, ω 0 is the resonant frequency of molecular optical activity, and Γ is the damping rate of corresponding molecular resonance. In our simulations the damping rate is set to 10 13 sec −1 and κ 0 to 10 12 sec −1 . It should be noted that the specific form of permittivity tensor (3) results in the corresponding dispersion relation and an equation for the square of the effective refractive index of the medium. Equation (2) is then derived via Taylor expansion over the small parameter, assuming the smallness of chirality parameter, κ (ω). Therefore κ of (2) and κ (ω) of (3) are related through a simple formula:
It is instructive to note that the resonance is a molecular resonance and basically determined by the microscopic electronic structure of constituent chiral molecules. Significantly, the resonance can be tuned in a relatively broad range from UV to near IR for a class of π-conjugated donor-acceptor molecules depending on the donor and acceptor strength and conjugation length. For example, the first absorption band of the PFBT molecule was tuned to approximately 500 nm to overlap with the plasmon resonance of gold nanoparticles in our previous work [30] . Shifting the molecular resonance to the infrared region, with a simultaneous decrease of the linear dimensions of the L-structure, results in an overlap of resonant features and an effective increase of the degree of optical rotation. The peak absolute value of chirality parameter, |κ max |, was set to 0.1 in our simulations. This value is a projected maximum that can be readily achieved with combined plasmonic [24] , excitonic [34] , and structural Advances in OptoElectronics enhancement [35] of chirality. Even higher values of chirality parameter can be expected from combinations of natural optical activity with (i) a magneto-optical effect enhanced by magnetoplasmonic nanoparticles, (ii) further modifications of chiral molecular building blocks, and/or (iii) chiral aggregation in thick films. The optical rotation of an Lstructure with molecular chirality is compared to one with just spatial chirality in Figure 5 and the discussion thereof.
To make sure the observed optical rotation is due to actual chirality of the L-shapes and not a computational artifact or accidental diffraction pattern we compared the EM transmission of a dielectric sphere to that of sphere made from chiral material ( Figure 6 ). The dielectric sphere should show no optical activity as the geometry it is not chiral. As shown in Figure 7 , and discussed below, the polarization state of the incident light was preserved in the former case as expected. However, the sphere consisting of chiral molecules, and therefore possessing a bulk chirality parameter, showed a chiral signature.
The results of our simulations of optical rotation are presented in Figure 7 . The angle is computed with respect to the initial polarization of the incoming field. First, note that the L-structure without molecular chirality rotates the polarization in a broad range. Rotation in this case is solely determined by the shape and dimensions of the scattering object and is not resonant in nature. However, the Lstructure made of chiral material shows a narrow resonance on top of the broad rotation curve. Similarly, in the case of the spherical geometry one can see that there is no rotation of polarization in the case of the dielectric sphere. However, the chiral sphere reveals rotation due to the chiral nature of its material: the chiral signature is centered at the wavelength of the molecular resonance. This analysis demonstrates the distinction between molecular and geometric-based chirality and the effects of the enhanced multiscale chirality on the optical response of the media.
Conclusions
We have introduced a novel approach to metamaterials that combines the use of ultrafast pulsed laser-based fabrication with chiral chemistry to produce a new class of polymeric metamaterials that have enhanced bulk chirality. The enhanced chirality is achieved by tuning the wavelengthdependent chiral response of the media at both the molecular and geometric level so as to ensure an overlap of their respective spectra. This approach is demonstrated via the fabrication of a metamaterial consisting of a twodimensional array of chiral polymer-based planar chiral Lstructures. The fabrication process is described and modeling is performed to demonstrate the effects of multiscale chirality of the optical response (optical rotation) of such media. This new approach to metamaterials holds promise for the development of tunable, polymer-based negative index optical metamaterials with low loss.
